INTRODUCTION
Glutamate and structurally related excitatory amino acids (EAA) are the principle excitatory neurotransmitters in the mammalian brain. Physiological responses to glutamate are mediated by several receptor subtypes that are differentiated on the basis of preferential responses to synthetic and alkaloid agonists (66) . Of the glutamate receptor subtypes, the NMDA receptor/ channel complex is best characterized (for review see (10)). This receptor complex consists of an NMDA recognition site coupled to a Ca2+ permeable cationic channel and several modulatory binding sites including receptors for glycine and dissociative anesthetics (phencyclidine, PCP, receptor). Physiological responses to NMDA are enhanced by glycine and reduced by PCP receptor ligands. The action of PCP receptor ligands is activity-dependent and blockade is produced by binding within the NMDA-associated ionophore.
Recent experimental data indicate that NMDA receptors have several physiological and pathophysiological roles in developing mammalian brain (for review see (32, 40) ). NMDA receptors participate in neurotransmission (21, 64) and are also involved in several developmental forms of activity-dependent synaptic plasticity including segregation of afferent visual input into eyespecific columns and long-term potentiation (LTP), a model of learning and memory (4, 9, 20, 25, 53) . NMDA receptor activation serves as a neurotrophic influence supporting neuronal cell growth and survival during restricted periods of postnatal development (3, 32, 40, 44, 47) . Excessive NMDA receptor activation, however, can produce neuronal injury and is implicated in the pathophysiology of neuronal injury resulting from hypoxiaischemia, sustained seizures, several developmental disorders of amino acid metabolism, and chronic neurodegenerative diseases (7, 33, 40, 55) . The susceptibility of the brain to NMDA-mediated brain injury changes markedly during development; susceptibility peaks near postnatal day (PND) 7 in rats and the severity of injury at this stage is approximately 60 times greater than the Recently autoradiographic receptor binding assays specific for glycine modulatory sites and PCP receptors have been developed. To determine whether the developmental expression of the three receptors that constitute the NMDA receptor complex are similar, this study compared the postnatal development of binding to NMDA recognition sites, glycine modulatory sites, and PCP receptors in the rat hippocampal formation using quantitative autoradiography. Preliminary results of these studies have been reported (39).
MATERIALS AND METHODS
A total of 31 male Sprague-Dawley albino rats at 8 postnatal ages (PND 1, 4, 7, 10, 14, 21, 28, 90 = adult, n = 4/age except PND 21, n = 3) were used to examine receptor ontogeny.
Tissue preparation. Animals were decapitated, and brains were rapidly removed and immediately frozen on dry ice. Twenty-micrometer horizontal frozen brain sections were thaw-mounted onto gelatin-coated slides and stored at -20°C prior to receptor labeling (~48 h storage time 
NMDA Recognition Sites
In both laminae of the CA, subfield, the developmental profile of NMDA-sensitive
[3H]glutamate binding was similar although binding densities were always greater in SR compared with those in SO (Fig. IA, Fig.  2 ). In SR, binding densities were 50% of adult values by PND 1 and increased slightly through PND 7 (Fig. 3) . Binding rose markedly from PND 7 through PND 14 and at this age exceeded corresponding adult values by 50%. Binding remained elevated through PND 28 and then declined to adult levels ( Table 1) .
The ontogenic profiles of NMDA-sensitive [3H]-glutamate binding in SO and SR of area CA, were similar, with lower levels consistently present in SO (Fig. 4) . In both laminae, the pattern of absolute binding densities between PND 1 and 7 paralleled densities in corresponding laminae of area CA, (Fig. 2) in area CA, (PND 10) compared with area CA, (between PND 14 and 21). In stratum moleculare of dentate gyrus, glycine and PCP receptor binding increased steadily from PND 1 through PND 21 when adult values were reached. In the subiculum, both glycine and PCP receptor binding reached adult values by PND 10. Scatchard analysis of both strychnine-insensitive
[3H]-glycine binding and [3H]TCP binding indicated that the developmental changes observed reflect mainly alterations in the number of binding sites (Table 2) .
DISCUSSION
In this study, we have characterized the postnatal development of the three receptor components that constitute the NMDA receptor channel complex using quantitative receptor autoradiography. The results indi-'cate that the binding to the three receptor components constituting the NMDA receptor complex is differentially expressed during postnatal development in the rat hippocampus. The ontogenic changes in each receptor appear to reflect changes mainly in the number of receptors rather than in the ligand-receptor affinity since Scatchard analyses of the data in PND 7 and adult animals indicated changes in I?,, and not in I&,. Developmental alterations in the levels of endogenous receptor ligands are unlikely to explain the ontogenic and regional differences in receptor binding since these factors would be expected to alter receptor affinity. The affinity reported for [3H]TCP binding in this study is similar to that of previous autoradiography studies (31) but is lower than that observed in homogenate studies.
The developmental patterns of binding to the receptor components of the NMDA receptor channel complex differed markedly among the six hippocampal regions. Several consistent developmental differences in binding between hippocampal regions were observed including the rate at which binding increased, the age when adult levels were reached, the age of peak binding, the magnitude of the overshoot of binding, and the length of time the overshoot was present. For instance, binding to each receptor component in both SO and SR of area CA, reached adult levels earlier than binding in corresponding laminae in area CA, (Fig. 2) . These developmental patterns are consistent with the delayed neurogenesis, afferent lamination, and electrophysiological characteristics of area CA, relative to area CA, (5, 29, 57). The slower development of binding in SMDG relative to other hippocampal regions correlates with the late maturation of this area in terms of neurogenesis, afferent lamination, synaptogenesis, and development of LTP (5, 11, 13, 28 CA, subfield (stratum radiatum) using both frozen sections and tissue homogenates.
In the autoradiographic study, a very broad developmental peak of binding was observed that exceeded adult values between PND 4 and 10. The discrepancies between the Tremblay study and our study with regard to the timing of the transient increase in NMDA receptor binding and the timing of the decrease to adult levels may reflect several methodologic differences including differences in preincubation and incubation conditions and the strain of rats. In contrast to the study by Tremblay et al. (65) (6a, 14,15,34,42,48,49, 56, 61, 62 Whatever the mechanism, the developmental dissociation of binding to the component receptors of the NMDA receptor complex is consistent with previous biochemical studies that indicate that the maximal densities of NM-DA, glycine, and PCP receptors can be individually regulated (36, 38, 40, 67) .
Relationships
Between Developmental Changes in NMDA Receptor Binding and Physiology
The physiological relevance of the overexpression of NMDA recognition site binding relative to binding to the other components of the NMDA receptor complex is unclear. However, the temporal overexpression of NMDA recognition site binding correlates with the development of several anatomical and physiological parameters. In the hippocampus, cellular differentiation and synaptogenesis are not complete at birth and these processes mature throughout postnatal development. In rodent areas CA, and CA,, the relative postnatal growth of the comissural/associational terminal fields and elaboration of SR pyramidal dendrites occur most rapidly during the second postnatal week and these changes parallel the maximal rate of change in NMDA recognition site binding (29,4I, 50) . The development of SMDG NMDA recognition sites parallels SMDG synaptogenesis (11). The greatest increase in synaptic density occurs between PND 4 and PND 11 with a slower rise to maximal synaptic densities at PND 25 (compare with Fig. 5 ). Also, dendritic growth and afferent lamination of the entorhinal terminal zone (stratum moleculare) of the dentate gyrus increase most rapidly between PND 4 and 10 and then rise more slowly to adult values (28).
The ontogeny of the receptor components that constitute the NMDA receptor channel complex may relate to several developmental changes in the physiology of EAA receptors. Postsynaptic excitation relative to inhibition predominates during the first postnatal weeks of hippocampal development as does enhanced seizure susceptibility (18, 20, 51, 57, 63) . In area CA,, superfusion of NMDA elicits recurrent synchronized burst activity; the epileptogenic effect of NMDA increases from PND 1 to PND 10 (24), which coincides with the development of NMDA receptor binding. Also, the susceptibility to convulsant-induced epileptiform activity increases from PND 4-6 to PND 14-16 (63). Specific NMDA receptor antagonists block this seizure activity (6). Developmental changes also occur in the chemosensitivity of CA, pyramidal neurons to NMDA (19). The occurrence of maximal responses to NMDA between PND 12 and 30 in SR corresponds closely with the period of overproduction of NMDA receptors in this area (Fig. 3B) . Furthermore, the ontogeny of area CA, NMDA-sensitive [3H]glutamate binding parallels the development of LTP, an experimental model of learning and memory. In area CA,, the capacity for LTP is weak during the first postnatal week and increases until PND 15 when it transiently exceeds adult values (20). In the dentate gyrus, development of LTP is delayed with respect to area CA,, increasing through the first 3 postnatal weeks and transiently peaking near PND 30, which is consistent with the delayed development of synaptic input and expression of NMDA recognition sites in dentate gyrus. These parallel findings between developmental expres- Fig. 1 ).
sion of NMDA recognition sites and LTP are intriguing since NMDA receptors play a critical role in formation of LTP (for review see Ref. (45)).
The susceptibility of the developing rodent brain to NMDA-mediated neurotoxicity transiently peaks near PND 7 (23, 35, 40) , after which toxicity decreases rapidly to adult values by PND 14. However, this pattern does not correlate with the absolute number of hippocampal NMDA receptors that peak between PND 10 and 28. The enhanced NMDA toxicity at PND 7 relates to the age at which NMDA-sensitive
[3H]glutamate binding begins to rapidly increase. Several other developmental factors may contribute to the transient enhanced toxicity of NMDA at PND 7.
EAA neurotransmitters participate in several developmental processes in addition to neurotransmission, such as regulation of neuronal growth and survival, synaptogenesis, and regulation of activity-dependent synaptic plasticity and LTP (3, 9, 32, 40, 45, 47) . However overactivation of NMDA receptors can also produce neuronal injury (35, 37, 40) . Thus an optimum level of excitation is required for normal development to proceed, too little activity could possibly delay or disrupt neuronal development and excessive activity could pro- 
